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1 | INTRODUCTION

Roberto P. Razzoli

Abstract

Purpose: The scope of the work is to present the state of the art of robotically
assisted surgical systems and to give a general idea about how technology can help
today and tomorrow robotic surgery. The road to innovation passes through
research and on field trials; for this reason, not only commercial surgery robots, but
also innovative prototype robots, proposed by the Academic world, are presented.
Design/methodology/approach: Following a short introduction, robotically assisted
surgery systems are introduced discussing their architectures and main peculiar-
ities. A further section is dedicated to the key enabling technologies that will make
possible to improve current systems and that will lead to a new generation of
surgical robotic systems able to meet the patient's needs and facilitate the surgeon's
task. Finally, brief concluding comments are given.

Findings: The idea of using robots for surgery was born many years ago and in a
short time a market demand was created. Today the market is very dynamic, and
several new products are updated and created for the execution of both traditional
and new procedures. The article provides a guide for the reader who has an interest
in this area.

Originality/value: This paper provides an insight into the commercial robotic sur-
gical systems and a look on research prototypes from academic and industrial

worlds.
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haptic feedback, laparoscopy, miniature instruments, minimally invasive surgery, remote
surgery, robot surgery

scepticism, thanks to the development of new technologies, robotic

In the last decades robots were slowly going outside the industry to
serve more closely humans. Today service robots are already working
on different fields. Robots are playing an increasingly important role
in assisting surgeons to perform a wide range of operations, mainly

1,2

minimally invasive surgery (MIS). In fact, after a period of

systems are more reliable, and many patients have fearlessly opted
for robotic surgeries. Globally, it is estimated that about 3% of sur-
geries are performed robotically, offering patients the benefits of
MIS, fewer complications, shorter stay in hospital, and faster return
to normal activities. In the pandemic period, the role of robots in

telemedicine is even more important. Hospitals, by nature, are places
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where there is a high probability of contacts and infections; the
possibility to assist a patient, while keeping the social distancing,
offers additional safety for all the medical stuff and the patient, as
well.

Robotic surgery needs, in general, limited displacements, high
accuracy, low size, and reduced but sufficient forces.® Despite sur-
gical robots have the aim to make surgeons tasks, they still need to
leave space to anthropocentric approach. Also, it is not necessary
they mimic the same surgeon gestures to achieve the same task.
Tailors sew using hands; the sewing machine replicates the same task
optimising the whole process in a different way.

Robotically Assisted Surgical Systems (RASS) allow MIS using
highly dexterous instrumentation that enables smaller and less
traumatic access into the body of the patient.*> This allows for faster
healing so reducing the hospitalisation time and thereby the costs per
patient.

The use of robot arms for positioning and holding the surgical
tools relieves surgical assistants from physical holding tasks while the
trust in an enhanced positioning and working accuracy leads to sur-
geons' mental relief.

Moreover, RASS have the potential to increase safety for clini-
cians and patients.

Force feedback is an increasingly available feature allowing
doctors to provide a more immersive telepresence; force feedback
can be successfully implemented, even for low-cost remote ultra-
sound scan procedures.®”’

The success of a surgical robot on the market can be found in
effectiveness, easiness of use, versatility, and cost.

In the last years many companies that produced surgical robots
disappeared and in the recent past significant acquisitions of surgical
robot manufacturers have taken place.

The market had a growth of 16% from 2019 to 2020. The trend
of surgical robots' market is expected to continue growing at a
Compound Annual Growth Rate of over 17.5% from 2021 to 2027.8
European Union in the last decades sponsored and is sponsoring the
born of new surgical robots. This business needs, generally, much
research, money, and time to certify the surgical procedures. Today
there is already a complex cloud of patents related to robotic sur-
gery; new ideas need to be well ‘shaped’ in order not to fall in an
existing patent. Also, early surgery patents, as usual, are protect-
ing general concepts like, for example, the basic concepts related to
‘remote surgery’.

If today the surgical robotic systems are still not widespread due
to the technological complexity, a difficult patents situation, regula-
tory barriers, absence of standards, high costs and the necessary
preparation of surgeons for the new procedures, tomorrow the
scenario may be different: it is socially and ethically important sur-
gery robotics to be available to a wide public.

After the introduction, a general overview of the state of the art
of robotically assisted systems available on the market and developed
at the level of research prototypes is given in the second section.

The third section is devoted to the presentation of some of the

most important key technologies that will enable the improvement of
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the market systems and that will be implemented in the new surgical
systems generation.

The last section briefly reports on social fallout of RASS and then
the conclusion is presented.

2 | ROBOTICALLY ASSISTED SURGICAL SYSTEMS:
STATE OF ART

Robotic surgical systems are briefly presented below. It is a very
dynamic market with acquisition negotiations between the reference
industries still in progress and with the interest and commitment of
researchers to propose new solutions based on current technologies.

Therefore, the presentation is not exhaustive.

2.1 | The Zeus™ system

In 1995 Computer Motion produced the Zeus system, which was
certified by the Food and Drugs Administration (FDA) in 2001, by
combining two robotic arms capable of holding instruments with
an Aesop robot, previously developed by the same Computer
Motion. Doctors can perform surgical actions with direct or
remote control.’ Zeus is equipped with a computer-assisted
remote-control device that interacts with a robotic arm. To
improve the precision of the robotic arm movements during the
operation, the Zeus system filters the tremors of the human hand.
In 2001 the Zeus system assisted physicians in successfully
completing the first “Lindbergh surgery operation” carried out by
a team of French surgeons located in New York on a patient in
Strasbourg, France. ZEUS was discontinued in 2003, after Com-
puter Motion has been merged with its competitor Intuitive
Surgical.

2.2 | The Da Vinci® equipment

The Da Vinci® surgical system was born in California. After several
years of investments on research, the robot has become a product.
Surgical robots need to pass strict tests before to be used; normally it
takes a long time before surgical procedures are cleared by the USA
FDA. Da Vinci® gained the FDA approval in 2011.

Today da Vinci® is a reference in surgical robotics. The da Vinci®
surgical robot from Intuitive Surgical is a versatile system that has
found acceptance worldwide through various generations of systems
in robotic surgery, such as cardiology, laparoscopy, neurosurgery,
microsurgery, orthopaedics, and ophthalmology.

As early as 2020, the Da Vinci® boasted more than 5500 in-
stallations globally and performed more than seven million surgeries.

Da Vinci® robot is based on the classic master-slave operating
principle; it has four arms and can be governed by two consoles.
Three arms can carry surgical tools, one arm holding the camera. In

the last model Xi each arm has three DoF and is equipped with the
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proprietary Endo Wrist which provides supplementary DoF for a
human-like dexterous manipulation.

The two cameras of the master console provide a magnified 3D
view of the surgical field. The master console was created with the
surgeon's needs in mind; it has adjustable finger loops, adaptable
intraocular distance, a padded headrest and arm bars. Instrument
motion is made possible through cable-driven joints at the distal end
of the instrument.

Intuitive Surgical® is constantly devoted to innovation; the
company publishes several patents each year related to surgical ro-
bots and surgical instruments. For example, the patent US2004/
0261179A1 proposes some ceiling and floor mounted surgical robot
setup arms. Ceiling mount robotic arms give to the surgical stuff
more free space close to the patient. Also, the cleaning of the room
and the movement of the bed of the patient is simplified.

The Intuitive Surgical® Ecosystem is subdivided in three main
areas: from industry-leading surgical platform innovation to clinical
training and customers support. In order to optimise both the clinical
and the economic value, it is vital to handle the full ecosystem as a

single integrated process.

2.3 | M7 surgical robot system

SRI's (Stanford Research Institute's) in 1995 formed Intuitive Surgi-
cal, Inc. SRI's in 1998 developed the M7 remote surgery robot. M7
has two anthropomorphic robotic arms with seven force-reflective
degrees of freedom. Surgeons can teleoperate using stereo vision.
Each arm weights 4.5 kg. The microsurgical system has been
demonstrated for suturing lacerations of the cornea. The NASA
Extreme Environment Mission Operations (NEEMO) took place in the
ocean on a permanent undersea laboratory, Aquarius in Florida. In
April 2006, during the 9th NEEMO project, the system M7 has been
used to perform a real time abdominal surgery on a patient simulator.
In May 2007, during the 12th NEEMO project, M7 performed on a
simulated patient in zero gravity environment. In September 2007
M7 Robot did, aboard a NASA C-9 aircraft, the first surgical
demonstration in a zero-Gravity flight.'©

2.4 | Raven IV equipment
The Bionics lab of the University of California, in Santa Cruz, has
developed Raven IV surgical robotics system. To reproduce the
original dynamics of two surgeons interacting with the surgical site,
Raven IV includes four robotic arms and 2 cameras. The two sur-
geons can teleoperate using two surgical consoles. Like Da Vinci®,
one or more assistants may physically cooperate with the robot by
replacing tools or interacting with tissues.

One of the main tasks of Raven IV is to make possible a collab-
orative teleoperation made by two surgeons.!? Like Da Vinci®, each
surgical arm is based on a spherical mechanism with a remote centre

located at the entry point of the tool into the human body. The design
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of this surgical system is light and compact. The Raven IV equipment
has been successfully tested; two surgeons were able to remotely

complete fundamental laparoscopic surgery tasks.

2.5 | The PMAR needle equipment

PMAR (design and measurements for robotics and automation) lab,
from the University of Genoa, proposes a surgical parallel robot
called PmarNeedle. The PmarNeedle is a slave robot purposely
designed for needlescopic diagnosis, one of the current frontiers of
MIS. The dimensions of the robot are small compared to the robots in
use for laparoscopy. While the force capabilities of the system are
less than those of a generic full scale surgical robotic system, they are
enough to allow even conventional laparoscopic procedures. Each
parallel robot of the robotic system is composed by an upper
mechanism connecting the two arms of the base structure. The two
arms have different geometry to guarantee the largest collision-free
workspace; robot dimensions are synthesised on the base of the
surgical requirements. The robot kinematic is centred on the keyhole;
in case of control error, the geometry does not allow the instrument
to damage the skin and ribs close to the keyhole. The kinematic and
dynamic models of the robot have been investigated to define the
control laws. Simulink-SimMechanics is the environment chosen for
the simulation; virtual sensors have been implemented to monitor
the motion of the robot. Simple Proportional Derivative control laws
with and without non-linearity compensation filters have been

implemented. A robot mockup has been prototyped.

2.6 | Mirosurge equipment

The DLR (German Aerospace Centre) has created MiroSurge, a
minimally invasive telesurgery system, designed mainly for research.
The telesurgery scenario includes a master console as well as a tel-
eoperator, consisting of 3 surgical robots (MIRO). Usually, two robots
carry the surgical instruments MICA equipped with miniaturised
force/torque sensors, to capture reaction forces with manipulated
tissue. A stereo video laparoscope is guided by one or more robots.*?
Like Da Vinci®, the surgeon remotely controls the operation from a
console; the surgeon has 3D endoscopic sight, force feedback, and
restored hand-eye-coordination. Both the stereo video stream and
the measured forces are displayed to the surgeon at the master
console. Performance characteristics of the MIROs are designed to

follow the stabilised beating heart motion.

2.7 | MSR-5000 REVO-I surgical robot system

The South Korean Meere Company exploiting its previous experience
in developing minimally invasive surgical systems, in 2015 realized
the MSR-5000 REVO-I. The REVO-I system is a master slave system

like the Da Vinci® system. It consists of an operating cart supporting
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four arms with 12 DoF that may be endowed with instruments
reusable up to 20 times, the double compared to Da Vinci® in-
struments, and a surgeon control console with High Definition (HD)
vision cart incorporating haptic feedback. The REVO control console
precisely transfers the surgeon's hand movement to the robotic arms
making easy for the surgeon to drive the surgical procedure. Warning
signals are sent from the site to the surgeon to make him aware of
possible problems and unexpected happenings. This surgical robot
system has received the Korean Food and Drug Administration
approval in August 2017.

Meere company also developed RevoSim a virtual reality (VR)
training system, through which novice robotic surgeons can improve
their psychomotor skills and instrument handling and gain the con-

fidence required to perform robotic surgery.

2.8 | Senhance surgical robotic system (ALF-X)

In February 2010, SOFAR SpA, in collaboration with the Faculty of
Veterinary Sciences of the University of Lodi (Italy), developed an
experimental study to test a new robotic device: Telelap ALF-x with
the aim of evaluating the technical feasibility of the major surgical
procedures “in vivo.” In 2015, the Italian SOFAR was acquired by the
US company Trans-Enterix.

The specific surgical function of the Telelap ALF-x robot system
is similar to the Da Vinci® system, and thus competes in the market
with it. The Telelap ALF-x robotic system can monitor the doctor's
eye, check the angle of the endoscope, and activate various surgical
tools.’® In addition, the main characteristics of the system are the
treatment of perception and value of force feedback, which allows
the doctor to feel the force exerted by the surgical tool on the sur-
gical tissue. It has a patented device for measuring the force applied
by the surgical instrument to the surgical tissue. Its sensitivity is
0.35 N. This patent gives it a true sense of touch, which makes the
operation safer and reliable.

Trans-Enterix, in 2016, reintroduced The ALF-X Robotic Surgical
System As Senhance.

2.9 | Hugo™ robotic-assisted surgery system

The Hugo robotic-assisted surgery (RAS) RAS system is a master-
slave robotic platform designed for different procedures by Med-
tronic. The slave system is composed by surgical robotic dexterous
arms with 7 DoF: each one, mounted on a single base, can carry
wristed instruments specific for the surgical procedure. The master
provides HD visualization of the site to the surgeon requiring 3-D
glasses and intuitive haptic interfaces.'* The system includes the
cloud-based surgical video capture option in Touch Surgery™ En-
terprise with dedicated software modules to support robotics pro-
gramme optimization, and training option. Hugo™ RAS system in

October 2021 received CE (European Certification) Mark approval
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authorising the sale of the system in Europe for urologic and
gynaecologic procedures.

2.10 | Versius minimally invasive robotic system

Cambridge Medical Robotics Surgical, a UK company founded in
2014, realized Versius, a robotic system which seeks to allow robotic
minimally invasive operations for a wide number of surgical pro-
cedures including gynaecological, urological, and colorectal surgical
procedures. It is modularly conceived and consists of multiple iden-
tical arms, each mounted on a single support and taking small lapa-
roscopic instruments (5 mm diameter). Each arm is very dexterous
having 7 DoF. The master console includes a 3D-HD imaging from
the endoscopic camera with joystick controllers; haptic feedback is
available.*®

2.11 | Ottava system by Johnson & Johnson

The Johnson & Johnson Ottava System is developed together with
the company Verb Surgical (Santa Clara), founded in 2015.% It will
offer more flexibility and control than today's market systems mainly
in the soft tissue robotic space. The new Ottava system has six arms
that will be integrated into the operating table to provide greater
control and flexibility in surgery.r” The platform has a zero-impact
design to allow patient access, increase Operating Room (OR)
space and improve workflow. The company is now planning to begin
the verification and validation processes for Ottava and is consid-
ering following enrolment in clinical trials for the device in the next
years.

2.12 | Bitrack surgical system

RobSurgical Systems, a spinoff of Universitat Politecnica de Cata-
lunya (UPC), was created to exploit the Bitrack system, which is a
laparoscopic surgical robot, designed at UPC.'® The Bitrack system,
consists of four robotic arms mounted on a column through a pris-
matic joint that provides a linear DoF. Each arm can independently
pivot around the column. The arms, with two differrent architectures,
are placed in two levels. The two upper arms have a Selective
Compliance Articulated Robot Arm architecture to avoid in-
terferences with the two lower arms. The lower arms, having an
antropomorphic architecture, are the operational arms. The kine-
matics of the system is studied in order to minimise the interferences
between the arms. The redundancy of the system is set at the min-
imum (7 DoF) and, together with the collaborative control, is used to
improve surgery procedures and to avoid collisions. Through a light
open console, the surgeon can drive and control the procedures also
supported by vision and haptic feedback functions. CE and FDA

regulatory approvals are expected soon.
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2.13 | Enos single access robotic surgical system
The Enos surgical system is the single-port orifice robotic technology
surgical system proposed in 2020 from the Canadian company Titan
Medical.

Enos is a master-slave robotic platform. The robot slave is able
to move, elevate, tilt, and pan in a 25 mm insertion tube, two artic-
ulating flexible arms and two lighted camera systems; a 2D high-
definition camera and a 3D high-definition camera that, under sur-
geon control, ensure seamless visibility of the surgical site.

Titan Medical's hyper-redundant multi-articulated instruments
can position with dexterity the end effectors for grasping, suturing,
cutting and coagulation. The open architecture anticipates future
adaptability for new functionality and new end effectors. The master
Enos workstation includes a 3D high-definition display to provide
surgical immersion and situational awareness in the OR. The handle
interface is ergonomic and comfortable to surgeon.'” The small Enos
footprint requires reduced hospitals surgical theatre area and lowers

operating costs.

2.14 | Hintori surgical robotic system

The Japanese companies, Kawasaki Heavy industries, a leading
company of industrial robots, and Sysmex, an experienced business
player in medical field, through a joint venture in 2013 established
Medicaroid. Medicaroid started developing the Hinotori surgical
robot system and relative working instruments and supports to
medical staff including network services and loT. The design of this
surgical system is based on the concept of “co-existence of humans
and robot”.

It consists of three components: the Surgeon Cockpit, the
Operation Unit, and the Vision Unit.

Arms of the Operation Unit are human inspired, designed to be
as compact as human arms, which contributes to smoother operation
because it reduces interferences between arms or between an arm
and an assistant, are dexterous with 8 DoF and move smoothly like
human arms.

The Surgeon Cockpit adopts ergonomic design to reduce the
physical and stress burden on surgeons. It allows the surgeon to view
and control the surgical site and instruments by operating it using
hands and feet. The Vision Unit provides high-definition 3D images on
the stereoscopic viewer and supports smooth voice audio communi-
cation between surgeons and assistants.2® The Hinotori surgical sys-

tem received Japanese regulatory approval in August 2020.

2.15 | Symani micro-surgical system

The Symani® Surgical System is a flexible platform designed to
facilitate surgical procedures across any anatomical region by the
Italian company Medical Micro Instruments. It consists of two robotic

arms that can be endowed with the proprietary, NanoWrist® robotic

FETT wiLey_ Lo

micro instruments. The 7 DoF offered by the wrist enable the pre-
cision and control necessary for surgeons' easy manipulation to
perform delicate procedures and sutures. The system features 7-20x
motion scaling with tremor filtration to address the demands and
complexity of microsurgery and super microsurgery. This powerful
combination allows surgeons to scale their hand movements while
performing accurate surgery tasks.

The Symani Console is ergonomic and allows the surgeon to
directly control the manipulators in the same manner as they would
with manual instrumentation. The console can be used with a heads-up
3D visualization system.? Symani got the CE Mark in October 2020.

2.16 | Avatera surgical system
In 2019, the German company Avatera Medical received EC approval
for the components of the surgical robotic system developed with
Leibnitz University. The system is very compact and consists of 4
robotic arms with 7 DoF for the agile handling of instruments
including endoscope.

The company has developed a series of surgical instruments with
a diameter reduced to just 5 mm dedicated to urological and
gynaecological applications to ensure minimal invasiveness to the
patient.

Very recently, with the acquisition of an academic spinoff FOR-
WARDttc, the company is improving its surgical system by inte-
grating experiences in image processing, artificial intelligence, VR and

cloud computing.?? The market debut is nearby.

2.17 | The MrBot equipment

MrBot, from Johns Hopkins University, is a remotely actuated robot for
the access of the prostate gland. The robot is image guided by Magnetic
Resonance Images (MRI). MrBot is designed to perform trans perineal
needle insertion and percutaneous interventions such as biopsy,
thermal ablations, or brachytherapy.?® Often, robots have a metal
frame and are actuated by electric motors. Only the nonmagnetic and
dielectric materials are ‘transparent’ to MRI; for this reason, MrBot is
exclusively made of plastics, ceramics, and rubbers. Also, the electricity
is forbidden; pneumatic actuation is performed by a new step motor,?*
with control feedback given by a light-based encoder. Accuracy of
MrBot is high; MRI-guided needle targeting experiments showed that
the tip of the needle may be placed within 1 mm of a desired target
selected in the image. Size of MrBot is small enough to fit into the MRI

machine close to the legs of the patient.
2.18 | The acubot and Revolving Needle Driver
equipment

Acubot robot has the task of automating and improving the accuracy

of the percutaneous nephrolithotomy. AcuBot has a 6 DoF serial link
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architecture and can be controlled locally or remotely. Time and
accuracy of robotic tele-operations are similar to locally aided ro-
botic interventions. The robot stems from a collaboration between
Guy's Hospital, London and Johns Hopkins University; the tip of
AcuBot carries a Revolving Needle Driver (RND). Most needle robots
orient a needle guide and insertion is then performed manually.
Revolving Needle Driver end-effector is a fully actuated driver for
needle insertion, spinning, release, and force measurement. This is
one of the most complex, feature rich needle driver reported.?’ Like a
drill, the RND can spin the needle while inserting it. Force sensors
measure the interaction of the nozzle with the patient and the force
of needle insertion. Force feedback may be used for tracking and

following the patient respiratory motion.

2.19 | Flex robotic system

Medrobotics is studying a very flexible kinetically distributed
flexible system (“snake arm”) to allow doctors to operate with non-
linear tortuous pathways through a single access in the body. A
key advantage is that the robot avoids the use of heart-lung
machines required for open heart surgery (e.g. valve repair).
Furthermore, this less invasive way of operating allows to improve
patient recovery and reduces the risks associated with current
procedures. The problems of positioning accuracy and the three-
dimensional view of the operational scenario must be still

overcome.26

2.20 | Mazor X stealth robotic system

Medtronics' new Mazor X Stealth robotic system for assisted spine
surgery was introduced to the market in 2019, following Medtronics'
acquisition of Mazor Robotics, a company expert in building guidance
systems for spine and brain surgery with minimally invasive pro-
cedures. Mazor X Stealth consists of a robotic arm that guides spinal
implants and instruments during the procedure and a surgical pro-
cedure planning software. The latest Mazor X Stealth Edition in-
tegrates the Medtronic stealth navigation technology with the O-arm
interoperable scanner in its robotic platform.

Future versions should include better compatibility of the robot
with instruments, further developments of the navigation system and
a revamped system of imaging to be integrated with existing planning
and navigation software?”; however, the specific details are not yet

released.

2.21 | Sensei X robotic catheter system

The Sensei X of Hansen Medical Inc. is a robotic cardiac catheter
manipulation system. It consists of a master in a remote workstation
who translates user movement, controlled by an electromechanical

slave that contains an internal guide with 275° degrees range within
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an external guide capable of 90° span. The movement of each
component is driven by traction wires via a remote joystick or but-
tons on the main console. Manipulation allows the freedom of
movement and the ability to manoeuvre in three dimensions the
catheter tool via remote control.?® Sensei X is equipped with a nav-
igation system and with IntelliSense™ sensor system that allows
quantification of the force applied by the catheter tip. All information
is integrated and displayed visually on suitable monitors, including
3D mapping, ICE, fluoroscopy, and EKG (ElectroCardioGram)
recordings.

2.22 | Vascular catheter CorPath GRX

In 2019 Siemens Healthineers acquired Corindus Vascular Robotics,
which developed a similar system, the CorPath GRX that enables
precise trajectory control of coronary guide wires and balloon/stent
devices. CorPath GRX helps improve workplace safety for interven-
tional operators by allowing them to perform procedures from a

radiation-shielded workstation.?’

2.23 | Aeon Phocus cardiac catheter

A recent system is the Aeon Phocus developed by Aeon Scientific, a
spin-off from the ETH (Swiss Federal Institute of Technology) Zurich.
It is a catheter guiding system for the treatment of cardiac arrhyth-
mias. The patented technology allows, using magnetic fields gener-
ated by electromagnets, to remotely control interventional
instruments such as catheters and guide wires in patients with great
precision, thus reducing invasiveness and maximising efficacy, safety
and efficiency.®® The University Medical Centre of Freiburg began
distributing one of these intracardiac catheter devices in April 2021.
The medical centre appreciates the high accuracy of the system and
the improved safety for operators.

2.24 | Viky endoscopic robot

The Viky from Endocontrol Medical is a lightweight endoscopic
robot.®? Its role is to maintain and move the endoscope precisely
according to the surgeon's orders while providing stable images,
optimising the exposure of the surgical site. It is typically used for
laparoscopy operations on the digestive, urological and gynaeco-
logical systems. The robot allows the surgeon to check its position

directly without the help of an assistant.

2.25 | ARES robotic endoscopy system
Auris Surgical Robotics, created Ares, a teleoperated endolumenal
system designed to clarify the visualization of the respiratory

tract during bronchoscopy.®? It consists of a slaver-master system.
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The slaver (patient side) cart incorporates power box, control
modules and a dual arms robot, each arm with 6 DoF and an
instrumental driving mechanism with additional 4 active DoF. The
master surgeon console, including haptic interaction with tactile
force feedback, allows the surgeon to manipulate the instruments
with amplified sensed forces and to perceive tissue consistency
and the stress exerted by the instruments. The laparoscopic in-
struments are attached via magnets, facilitating their replacement
and reuse.

Ares obtained the FDA certification for treatment and diagnosis
of lung diseases. In 2019 Johnson & Johnson acquired the Auris

Surgical Robotics company.

3 | SMART TOOLS HELPING ROBOTIC SURGERY

Many researchers from industry and academia have developed and
studied hardware and software devices to improve the performance

of robotic surgical operations. Some of them are listed below.

3.1 | The Freehand® equipment

The Freehand®, by Prosurgics, is a remotely actuated laparoscopic
camera controller launched in 2009. The surgeon, using a pedal and
head movements, can control the scope position. Freehand® is
designed to cut the robot costs of the OR, while offering an instru-
ment compact and easy to use.*® The equipment delivers steady
images, during keyhole procedures. The surgeon needs to wear a
head band to communicate with the robot. The hands-free controller
has the following working principle: first the surgeon, moving her/his
head, chooses the scope tilt and pan direction, then the surgeon
initiates the movement using the activation pedal. Remote camera
zoom is also possible. The setup of the robot is quick: Freehand® can
be easily attached directly to the frame of the hospital beds.

3.2 | The LAP Mentor™ equipment

The LAP Mentor™, from Simbionix™, is a training system in the field
of laparoscopic surgery. The surgeon can try surgery procedures on a
virtual patient. The human anatomy is rendered by simulation soft-
ware; visualization is realistic. Virtual patients come from a 3D library
of realistic anatomies created from images of real patients.>* The
training system is modular: according to the simulation to perform,
specific interchangeable handles can be used. Tactile feedback is also
present. LAP Mentor™ Express is a cost-effective portable version of
the Lap Mentor™ platform; software runs on a laptop; the size of the
virtual simulator is miniaturised. A wide range of surgical procedures
modules is available. The surgeon can gain proficiency in inserting the
needle, suturing and knotting using the Suturing Modules. Similarly
other specific modules allow performing Lap Chole Procedural Tasks,

Incisional hernia, Gastric bypass, Colorectal procedures and
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Salpingostomy procedures. Difficult and uncommon procedures may
be practiced at any time with no risk.

3.3 | The Axesse™ equipment

The Axesse™, by Elekta, is a 6 DoF intensity-modulated stereotactic
radiation system: the treatment is 3D image guided.>> Applications
include stereotactic radiosurgery, stereotactic radiation therapy,
stereotactic body radiation therapy and radiosurgery (stereotactic
body radiation radiosurgery). The image system enables visualization
of soft tissues; each time the patient makes a new session of therapy,
the robot targets exactly the tissues interested. The patient is
immobilised using vacuum to enable a better accuracy of the treat-
ment. A 900 mm clearance around the patient improves the comfort

during the treatment.

4 | KEY ENABLING TECHNOLOGIES

Despite the great advantages that surgical robotics offers both to the
patient, to the surgeon and to society, there are still limitations in the
procedures due, above all, to the miniaturised mechatronic design, to
the perceptual haptic interfaces, to the increase in autonomy that the
development of new systems robotics aims to improve.

This section reports on the most relevant key technologies that
underpin current and evolving developments, but it does not provide

a complete overview of research topics in the field.

4.1 | Mechanical design towards miniaturisation
The robotic instruments must be small in diameter to minimise the
lesion of the patient, they must be stiff enough to allow for a suffi-
cient positional accuracy and manipulation force; moreover, they
must provide sufficient motion dexterity to reach the surgical site
without damaging the organs and perform the surgical operation
tasks there.

To meet these competing requirements, the miniaturisation of
links, joints and end-tools is needed including actuators®® and sen-
sors.®” Dexterity can be obtained with a suitable number of actuated
degrees of freedom, or with an arm with an underactuated and soft

t.38

continuum structure to avoid harm to the patien The slave robot

design must be bio-inspired®? and bio-compatible*® with reference to
the adoption of adequate structures and materials. Bio-nano com-
ponents will be integrated into surgical robotic structures and in-
struments*¥“? Soft robots, due to their versatility, have the potential
to provide solutions for applications that rigid robots are not able to
satisfactorily solve, for example, in the field of surgery where they
will play a key role also for their inherent safety. The development of
soft robotics is mainly fuelled by advances in three core areas: smart
materials, mathematical modelling of compliant systems, and fabri-

cation technologies.
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4.2 | Sensoring and perception

The adoption of robotic surgery systems introduces a new scenario in
the operating theatre where the surgeon is separated from robot and
patient and does not interact directly with the patient but through
the remote-control console.

It is necessary to make them virtually close and improve the
haptic perception of the scenario by the surgeon with reflection of
the forces exerted between robot and patient mainly during complex
tissue operations, like ablation and suturing that sometimes require
cooperation of the instrumental tools.*®

The haptic feedback is a combination of kinaesthetic and tactile
feedback. The first one measures the force that the system applies on
the patient and return it to surgeon's hand via force feedback device.
The second aims to create the perception that the surgeon's fingertip
try out contacting the patient or surgical material.

Tactile sensors and haptics enabling force feedback with high
resolution are designed by several researchers to provide the sur-
geon with a good sensitivity and immediacy of the in-progress
operation.**

Advanced vision systems are already available, but they continue
to be improved with the aim of providing the surgeon with a clear
view of the scenario to minimise the possibility of errors.

The new artificial vision systems offer not only a 3D clear vision
but, through advanced methods extending spatio-temporal deep
learning to 4D, provide the surgeon an in-depth analysis of multi-
dimensional image representations of the intervention area, making

the surgical operation more effective.

4.3 | Teleoperation versus autonomy

Entrusting the slave operating tool to the robot, maximum trans-
parency of the procedure in progress must be guaranteed to the
master surgeon who operates remotely, making the interfaces simple,
immediate, and intuitive.*

The surgeon acquires knowledge of the operative site and the
progress of the surgical procedure through the interfaces which,
by processing the information received from the multi-sensory
system in situ, offer her/him the realistic haptic perception of
the situation on which to base the decisions for driving the
intervention.

It is equally important that the decisions made by the surgeon
are transmitted in an accurate, simple and effective way with
immediacy to the robotic system that physically performs the tasks of
the operation through suitable smart interfaces.

The teleoperation that takes place at a great distance, for
example, when the surgeon is called to operate a patient who is on an
offshore ship or on a naval or space platform or in a military field
during a conflict, today can successfully exploit 5G and loT

technologies.
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Today artificial intelligence is rapidly developing and becoming
pervasive in a variety of sectors.

There are researchers who try to, at least partially, transfer the
knowledge and methods of surgical intervention of surgeons to the
robotic systems.*”8

It is a challenge, that involves not only technical-scientific
problems, but also and above all ethical and acceptance problems.

Autonomous intelligent surgical robots will be proposed, and
their performance will be tested in simple operations.* It will be
appropriate to grant procedures for the safe recovery and manage-

ment of anomalies in the event of unexpected occurrences.>®

4.4 | Simulation for empowering precision care and
training

Virtual surgery simulation systems that can reproduce the surgical
system model and visualise the entire surgical process a priori on the
computer are very useful for training the surgeons®! and to provide
them a tool for improving the surgical procedures through a series of
tests and trials to evaluate their efficiency and results.>2

Surgical simulation mainly uses VR and augmented reality (AR)
technologies applied to the hardware and software model of the
robotic system to simulate and guide the various operating proced-
ures.>® The purpose of the implementation includes planning the
surgery with related tests, guidance during the surgery, the assis-
tant's operation during the surgery, and sometimes suggestions for
post-operative rehabilitation.

Virtual reality, simulation and Digital Twin have the aim of
replicating a real situation in a riskless environment, with lower costs.
They are used both to train the abilities of trainees in any situation
and to test a system before physically implement it.

Because the real robot system, before to be released to the
market, is used in a real case intervention on phantom models, in
vitro and in ex vivo cases, VR and digital twins are largely used. They
are very promising for a refinement and improvement of both twins:
the simulator and the surgical system.

Today, this kind of simulators has gradually become a new direc-
tion of research. It includes: robot kinematics, dynamic and visual
models, 3D and AR representation of the surgical sites, modelling and
simulation of the physical characteristics of the complex soft and hard
objects like human organs present in the scenario, models and 3D
image of navigation paths and assistance surgical techniques, simula-

tion training modules.>*

5 | DISCUSSION

The robotic systems introduced are now compared: each system is
classified by its spectrum of application and features (Table 1). A

restricted range of features has been selected to compare the
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systems. Usually, the surgical systems take a large space of the sur-
gical room: in case of emergency, the free access to the patient could
be crucial. The doctor is no longer able to use his senses to directly
interact with the patient: hence the intuitive representation of the
surgery scenario and the haptic feedback become paramount. Also,
some ‘physical’ features are introduced such as: modularity and
reconfiguration of the system and surgical tools miniaturisation. The
presented robotic systems are at different development stage: there
are research projects under development, other systems under
testing, and finally some robotic systems are commercially available
on the market. The criterion introduced to produce this summary is
merely subjective. On top of that, the scenario is rapidly changing;
each robotic system is timely upgraded with enhanced features, and

can be used for a wider spectrum of applications.

6 | CONCLUSION

The manuscript does not wish to be an exhaustive review on RASS;
only a few robotic devices have been selected and described for each
specific field of use. The objective of the work is to give a fresh feeling
on how so many countries are simultaneously developing, and making
available to the market advanced devices, that ultimately will
contribute to extend life expectancy and improve the quality of hu-
man life.

The pioneers of the robotic surgery have built a strong reputa-
tion on the field, that now is used also by the newborn companies; the
perception of the patients is radically changing from fear for the
uncertain, to trust in a reliable technology tool. A rich history of
successful clinical records helps the incoming patients to breathe a
sigh of relief.

This ultimate wind of trust in this technology simultaneously
influences both patients and companies. Venture capitalists, business
angels and governments make funding available for the future
development, because they think it is the right time for investments.

The technology race is starting now; while the first surgical ro-
botics patents are expiring, a cloud of new patents are stemming to
protect new promising ideas.

The sociopolitical factors also tend to promote advanced tech-
nology in the medical field. Governments continuously try to
centralise the legislation; it is easier to penetrate a market where the
same certification is available for a growing number of countries. For
each specific medical procedure is necessary to obtain a Certificate of
Clearance. The certification process takes time, effort and cost; a big
‘scale effect’ is obtained, in case the same procedure is automatically
accepted on several countries.

The robotic surgery is already at an advanced level, with
sophisticated solutions covering several areas where high accu-
racy, tremor filtering, force control, radiation protection, etc.
suggest the interposition of a slave actuation, assuring the effec-
tiveness and reliability to the remote handling under the surgeon's

control.
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During surgery tasks the maximum forces that need to be
exerted by the end effectors are in the order of some hundred grams;
it becomes clear that the next generation of surgical robot will be
really compact.

Two different design methods may be applied, for the creation of
the tomorrow medical robots; a conservative approach suggests the
miniaturisation of the today medical devices, while a groundbreaking
one may propose totally new robotic architectures specifically casted
on the outcome that must be achieved; for example, the next gen-
eration of medical robots may derive from the further miniaturisation
of serial robots, coming from the automation world, or may be form
the ‘growing’ of bio-nano robots.

The biggest research challenge is the simultaneous need for
micro-manipulation in local interventions, and raw motion at the
handling level: this conflict may be resolved by the master/slave
option, to perform micro-manipulation by miniaturised slaves, scaled
from natural size motion by the master controller. This architecture,
however, needs specific information infrastructures, with focus on
the direct and indirect potential of the effectors, and, also, to the
opportunities offered by a computer integrated support. In general,
the big gap between research and industry in surgical robotics can be
filled with large investments in development, patents and adver-
tisements. A warm wish is the next generation of robots to be lighter,

more cost effective and therefore available to a wider public.
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